Woody plants in water-limited ecosystems affect their environment on multiple scales: 5 locally, natural stands can create islands of fertility for herb layer communities compared to 6 open habitats, but afforestation has been shown to negatively affect regional water balance 7 and productivity. Despite these contrasting observations, no coherent multiscale framework 8 has been developed for the environmental effects of woody plants in water-limited 9 ecosystems. To link local and regional effects of woody species in a spatially explicit model, 10 we simultaneously measured site conditions (microclimate, nutrient availability and topsoil 11 moisture) and conditions of regional relevance (deeper soil moisture), in forests with different 12 canopy types (long, intermediate and short annual lifetime) and adjacent grasslands in sandy 13 drylands. All types of forests ameliorated site conditions compared to adjacent grasslands, 14 although natural stands did so more effectively than managed ones. At the same time, all 15 forests desiccated deeper soil layers during the vegetation period, and the longer the canopy 16 lifetime, the more severe the desiccation in summer and more delayed the recharge after the 17 active period of the canopy. We conclude that the site-scale environmental amelioration 18 brought about by woody species is bound to co-occur with the desiccation of deeper soil 19
Forest-grassland mosaics occur all over the world at the interfaces of forested and grassy 7 the effects of vegetation cover; therefore, we discarded this occasion from the analysis of 147 microclimatic data. 148 To assess canopy cover, we took two to four digital photos of the canopy of each 149 forest patch from 1 m above ground on every sampling occasion. According to Paletto and 150 Tosi (2009), wide-angle photos overestimate canopy cover; therefore, we used a 151 comparatively narrow angle setting (72 mm, equalling a diagonal angle of 34.4°). We took the 152 photos near the microclimate stations (0-10 m from them) in spots where the trees had typical 153 canopy structure and stem density. In October, we also took soil samples from the upper and 154 lower soil layers of all habitat patches for soil analysis. The top 10 cm of the soil was too 155 heterogeneous owing to a high amount of partially degraded litter and the thick rhizosphere of 156 herbaceous species; therefore, we collected the upper sample from 10-20 cm deep. Since we 157 encountered very few tree roots below 60 cm, we took the lower sample from 70-80 cm deep, 158 using two replicates per patch (5 habitat patches × 4 localities × 2 replicates per patch, making 159 40 sampling sites) and measured humus and nitrogen content in a soil laboratory. Replicates 160 within patches were spaced at least 20 m apart, in order to capture different tree individuals. 161 For soil moisture measurements, we drilled a 110 cm deep, cylindrical hole, with a 162 diameter of 15 cm, in all the 40 sampling sites on each of the eight sampling occasions, using 163 a soil auger. Roots that could not be tackled by the auger were gently cut through by a branch 164 cutter. If a major root was encountered, we discarded the hole and started drilling another one 165 nearby. We measured moisture content in every 10 cm soil depth segment as we proceeded 166 downwards. We used a TDR 300 soil moisture meter, and made three vertical measurements 167 in every segment, leading to a grand total of 11,520 soil moisture records covering the upper 168 120 cm of the soil. We considered 120 cm sufficiently deep because poplar and Robinia have 169 the highest root density at soil depths of 20-80 cm and 20-60 cm, respectively (Cao et al. We converted the canopy photos to black-and-white with manual thresholding (GIMP 176 2.8.10 software). Black pixels corresponded to leaves and branches and white pixels to the 177 sky. We expressed canopy cover as the percentage of black pixels and used it as a proxy for 178 the capacity of the canopy layer to intercept precipitation and its transpiration potential.
179
Resulting canopy cover scores were compared across forest types with linear mixed-effects 180 models. We built a model for each occasion and used locality as the random factor.
181
Regarding microclimatic recordings, synchronised 24-h periods could not be acquired 182 for all five habitats of all four localities due to damage to the measuring stations (vandalism or 183 damage by wild animals), and one of the localities provided reliable data only in two 184 occasions (Table S1 ). Nevertheless, the resulting sample size per forest type (N=19-21) was 185 suitable for statistical analysis. We standardized microclimatic data to the local average 186 grassland values, i.e. average grassland data of a location were subtracted from the data of the 187 adjacent forested habitats for every measurement time point. In the subsequent analysis, we value to test whether the canopy of pine forests affects the microclimate compared to 195 grasslands. 196 We prepared linear mixed-effects models for the soil parameters (humus and nitrogen 197 content). We used habitat type (four levels: poplar, Robinia, pine and grassland) and depth 198 layer (two levels: upper and lower) as 'fixed-factors' and included locality as 'random factor'. 199 We averaged the three moisture values per depth segment of each hole and then factors with more than two levels (forest types and habitat types) were also considered in 210 significant models. We adjusted the resulting pair-wise p-values for multiple comparisons 211 using the fdr (false discovery rate) method (Benjamini and Hochberg 1995) . Canopy cover in pine forests was stable throughout the year (79.9±3.2%, mean±SD). By 218 April, poplar forests had unfolded their leaves and their cover reached that of the pine forests. Robinia forests were still mostly dormant in April. In May, we detected similar levels of 220 canopy cover in every forest type. Scores were similar in July, August and October. In 221 December, as deciduous trees shed their leaves, their canopy cover dropped and remained low 222 also in January (Fig. 3 , Table S2 ). Increasing canopy cover in Robinia forests decreased daytime but increased night-time 227 temperature relative to grasslands. Humidity was affected positively by the canopy cover both 228 during the day and at night, but the effect was stronger during the day, indicated by a more 229 than two times higher estimate for daytime relationship than for the night-time one. Poplar 230 forests showed the same pattern with the exception that no statistically significant increasing 231 trend could be confirmed for night-time temperature (Fig. 3 , Table S3 and Fig. S1 -2). Under 232 the stable canopy of pine forests, temperature was around 8.2±3.9°C lower during the day 233 than outside, while night-time temperature was only slightly higher under the canopy. No 234 statistically significant effect could be found for night-time humidity but daytime humidity 235 was 14.0±9.7% higher than in the grasslands (Table S3 , Fig. S1 -2). Humus and nitrogen contents were higher in the upper layer of the soil than in the lower layer 241 in all habitat types. Poplar forests had higher humus content than the other habitat types in 242 both layers; Robinia forests, pine forests and grasslands had identically low humus contents. Table S4 ). We found striking differences in the annual vertical soil moisture cycles of the studied habitat 249 types ( Fig. 6 , Table S5 ). In March, poplar and Robinia forests had moister topsoil (upper 250 20 cm) than grasslands, but pine forests did not. At deeper layers, grasslands, poplar forests 251 and Robinia forests had similar moisture contents, while pine forests were drier than the other 252 habitats at depths of 40 and 60 cm. In April, all forest types were moister in the topsoil than 253 grasslands. Poplar forests developed a dry zone at 100-120 cm deep, and, below 20 cm, pine 254 forests depleted most of their soil moisture and became drier than any of the other habitats. In 255 May, topsoil was moister in poplar and Robinia forests than in grasslands but the moisture 256 content of the deeper soil layers of the forests remained below that of the grasslands. Pine 257 forests were drier than the other habitats throughout the entire vertical soil section. In July, face the diurnal heat stress typical of grasslands in summer, and the cold stress is also reduced 281 during spring nights, which is a sensitive period for seedlings and young shoots of understory 282 plants (Coop et al. 2008 , Inouya 2008 . In addition, from spring till autumn, both air humidity 283 and the topsoil moisture tended to be higher under the canopy of trees than in the grasslands, 284 further ameliorating conditions for drought-intolerant organisms. We also found that poplar 285 forests accumulated more humus in both studied soil layers than grasslands, while nitrogen 286 was more abundant in Robinia forests than in grasslands, due to the high nitrogen-fixing 287 capacity of this species (Cierjacks et al. 2013 , Vítková et al. 2017 . Our data thus confirm that 288 the forest patches of the studied region represent islands of fertility; therefore, the studied The effects of the different tree species on understory conditions can be associated to their 296 canopy types, especially annual canopy lifetime. Since the canopy cover of Robinia forests is 297 low during spring, they cannot protect the understory from occasional night frost as well as 298 pine or poplar trees. In addition, poplar and pine forests can provide shelter for early spring, 299 cool-adapted organisms during the day. In temperate forest-grassland mosaics such as the 300 forest-steppe zone, these effects may be important ecosystem functions of tree canopies; 301 however, Robinia forests cannot perform them.
302
We found that poplar forests increased the humus content in the topsoil compared to 303 grasslands, but Robinia and pine forests did not. This can be associated to management 304 intensity, as poplar forests are unmanaged natural habitats, while Robinia and pine stands are 305 plantations exposed to periodic soil disturbance during forestry activities (Zeng et al. 2009 ).
306
This effect outweighed the high nitrogen content in Robinia forests, which could otherwise 307 promote high herb layer productivity, but here was not enough to support higher humus 308 formation in the soil. The lack of increased humus content in Robinia forests can also be 309 explained by the low sclerenchyma and overall organic matter content of the leaves per area 310 unit, which may also enable quicker decomposition. These assumptions are supported by the 311 high specific leaf area of Robinia (Robinia pseudoacacia, 17.9 mm 2 mg -1 ) compared with 312 poplar (Populus alba, 11.2 mm 2 mg -1 ) and pine (Pinus sylvestris, 5.4 mm 2 mg -1 ; source: Additionally, the topsoil of pine forests was drier than that of grasslands in summer.
315
This can be caused by a more superficial root system but the most likely explanation is the 316 high canopy interception of precipitation in pine forests. Although the canopy cover showed In summer, when water balance was lowest due to high diurnal temperatures and high rates of 328 transpiration, all forest types removed most of the moisture content from lower soil layers. At 329 the same time, grasslands did not tap the moisture stored in lower soil layers; moisture content 330 in grasslands remained constant below 40 cm throughout the year. The approximately 5 v/v% 331 we detected is likely to be the field capacity of the coarse-grained sand soils of the studied 332 ecosystem.
333
The fact that soil moisture was periodically below field capacity in the deeper forest 334 soil layers suggests forest soils experience less groundwater recharge following precipitation 335 than grasslands, a phenomenon which has been observed elsewhere (e.g. Walter and Breckle 336 1986). During these periods, the topsoil of grasslands was also very dry, but the thickness of 337 this top layer was a fraction of the dry layer we found under the trees. Our findings thus 338 demonstrate how individual trees as well as forests and tree plantations may contribute to 339 decreases of water balance at the regional scale. Groundwater in the local Kiskunság Sand unknown. Our study provides spatially explicit evidence for this effect which is coherent 344 within the context of regional moisture dynamics. 345 Interestingly, the observed below-ground moisture pattern is little recorded in the 346 international scientific literature, for which we posit two possible explanations. First, this 347 pattern may be specific to the studied region; second, it is more common but mostly 348 overlooked. We deem the first explanation unlikely because our study confirmed the island of 349 fertility concept, which is typical for semiarid forest-grassland mosaics; therefore, there is 350 little indication that untypical processes should take place below the topsoil. However, in finer 351 textured soils, which have different water holding capacity and thus different rates of 352 infiltration, the pattern may be less pronounced or even different. For instance, Warren et al.
353
(2005) showed that lower soil layers can be moister than the topsoil both in semiarid 354 grasslands and pine forests, although those lower soil layers had finer texture than the topsoil.
355
The observed pattern may also differ in extremely arid areas which lack enough precipitation 356 to infiltrate lower layers. For instance, Bhark and Small (2003) showed that water infiltration 357 rarely exceeds half a meter after rainy periods in woody-grassy mosaics of New Mexico, woodland, they found no clear trend for the upper 1 m and did not investigate differences 370 between thinner layers of soil (<1m). Thus, we believe the soil moisture pattern we described 371 may be widespread, but can only be detected with a high-resolution analysis of the soil layers. irrespective of macroclimatic conditions (Farley et al. 2005 , Buytert et al. 2007 ). To the best 394 of our knowledge, regional drying effects of deciduous forests with short and long canopy 395 lifetime have not been previously compared, but based on our results, we can assume a lower 396 regional water balance in areas with deciduous forests with longer annual canopy lifetime. Our findings revealed that trees in a semiarid, sandy forest-grassland ecosystem ameliorate 401 micro-site conditions under their canopy compared to grasslands. This 'island of fertility' 402 effect is stronger in natural forest stands, but intensively managed tree plantations also temper 403 micro-environmental extremes for understory organisms. However, the cost of this local 404 effect is the desiccation of lower soil layers in all forest types, leading to deficient 405 groundwater recharge below forests. This finding establishes a direct link between the local 406 ameliorating effects and the regional drying effects of trees, which, we conclude, can co-occur 407 in the same ecosystems simultaneously. These concordant effects of woody species on 408 different scales must be carefully considered during the conservation or restoration of natural 409 forest-grassland mosaics, the profit-oriented use of tree plantations, and the afforestation of decouples from the local vegetation and contributes to the regional water budget by eventually 624 entering the groundwater. We assume the moisture contents of the lower parts of the 625 rhizosphere and the layers below are indicative of the regional water balance by determining 626 its input rate. Some woody species, can also tap into groundwater (not shown in the figure), 627 also affecting the output rate, while grassy vegetation rarely does. Light grey layer: zone of 628 the local effects of the vegetation; dark grey layer: zone of regional importance, i.e. the sub-629 rhizosphere vadose zone and the phreatic zone. 
